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(54) Ferromagnetic tunneling devices 

(57) A tunnel junction device (10) has a topography 
and/or interface layers 30-32 that enhance its magneto- 
resistance, maximizes spin tunneling from areas of fer- 
romagnetic crystalline grains having high polarization 



and minimizes the effects of defect scattering at grain 
boundaries. The interface layers 30-32 enhance mag- 
netic polarization properties of ferromagnetic layers 
near interfaces to an insulating layer 1 4 in a tunnel junc- 
tion 10. 
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Description 

[0001] The present invention pertains to the field of ferromagnetic tunnel junctions. More particularly, this invention 
relates to ferromagr.etic tunnel junctions having enhanced magneto- resistance. 
5 [0002] Ferromagnetic tunnel junctions may be employed in a variety of magnetic systems. For example, a ferromag- 
netic tunnel junction may be employed as a magnetic flux sensor. Such a magnetic flux sensor is useful in a recording 
head for sensing the magnetic flux emanating from a magnetic media such as a tape or disk. In addition, ferromagnetic 
tunnel junctions may be employed as the magnetic storage cells in a magnetic memory. 

[0003] Prior ferromagnetic tunnel junctions are usually formed with a pair of ferromagnetic layers separated by a thin 
io insulating layer. Typically, an electrical potential bias applied to the ferromagnetic layers causes the migration of elec- 
trons between the ferromagnetic layers through the insulating layer The phenomenon that causes the migration of 
electrons through the insulating layer may be referred to as quantum mechanical tunneling or spin tunneling. 
[0004] Typically, the resistance of a ferromagnetic tunnel junction varies according to the relative orientations of 
magnetic moments in the ferromagnetic layers. A tunnel junction is usually in a low resistance state when the relative 
15 orientations of magnetization are parallel Conversely, a tunnel junction is usually in a high resistance state when the 
relative orientations are anti-parallel. 

[0005] A useful metric for characterizing a tunnel junction is its tunneling magneto-resistance (TMR). The TMR for 
a tunnel junction may be defined as its resistance in the high resistance state minus its resistance in the low resistance 
state divided by its resistance in the low resistance state. The TMR indicates a percentage change between the high 

20 and low resistance state of a tunnel junction. 

[0006] It is usually desirable to employ tunnel junctions with relatively high TMRs. For example, a magnetic memory 
cell having a tunnel junction with a relatively high TMR usually provides increased signal-to-noise ratio during read 
operations in comparison to a magnetic memory cell having a tunnel junction with a relatively low TMR. In addition, a 
magnetic recording head having a tunnel junction with a relatively high TMR typically yields increased sensitivity in 

25 comparison to a magnetic recording head having a tunnel junction with a low TMR. 

[0007] According to a first aspect of the present invention : there is provided a method for forming a tunnel junction, 
comprising the steps of: 

forming a first ferromagnetic layer with an upper surface having a topography which includes a set of domed areas 
30 and a set of intervening low areas; 

forming an insulating layer over the first ferromagnetic layer such that an upper surface of the insulating layer is 
substantially planar such that a path for electron migration between the first ferromagnetic layer and a second 
ferromagnetic layer in the tunnel junction is (ess above the domed areas than above the low areas. 

35 [0008] Preferably the step of forming a first ferromagnetic layer includes the step of forming one or more layers of 
materials below the first ferromagnetic layer wherein a thickness of the layers of materials is selected to cause formation 
of the domed areas during formation of the first ferromagnetic layer. The materials provide a, pinning layer that fixes 
an orientation of magnetization in the first ferromagnetic layer. 

[0009] The intervening low areas may correspond to grain boundaries in a polycystalllne structure of the first ferro- 
40 magnetic layer. 

[0010] One of the layers of materials may be selected to provide a lattice mismatch with the first ferromagnetic layer. 
[0011] The method may comprise the further steps of forming an interface layer at an interface between the insulating 
layer and the first ferromagnetic layer and forming at an interface between the insulating layer and the second ferro- 
magnetic layer. The interface layers are selected to enhance the magnetic polarization properties of the tirst and second 
^5 ferromagnetic layers near the interfaces to the insulating layer. 

[0012] According to a second aspect of the present invention, there is provided a tunnel junction, comprising: 

a first ferromagnetic layer with an upper surface having a topography which includes a set of domed areas and a . 
set of intervening low areas; 

50 an insulating layer over the first ferromagnetic layer wherein an upper surface of the insulating layer is substantially 

planar such that a path for electron migration between the first ferromagnetic layer and a second ferromagnetic 
layer in the tunnel junction is less abeve the domed areas than above the low areas. 

[0013] The tunnel junction may further comprise one or more layers of materials below the first ferromagnetic layer 
55 wherein a thickness of the layers of materials is selected to cause formation of the domed areas during formation of 
the first ferromagnetic layer. 

[0014] According to a third aspect of the present invention, there is provided a tunnel junction comprising: 
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a first ferromagnetic layer; 
an insulating layer; 

a thin interface layer between the insulating layer and the first ferromagnetic layer which is. selected to enhance 
magnetic polarization properties of the first ferromagnetic layer near an interface between the insulating-layer and 
s the first ferromagnetic layer. - 

[0015] The tunnel junction may further comprise: 

a second ferromagnetic layer; 

10 a thin interface layer between the insulating layer and the second ferromagnetic layer which is selected to enhance 

magnetic polarization propertiesol the second ferromagnetic layer near an interface between -the insulating layer 

and the second lerromagnetic layer. 

[0016] Preferably, the thin interface layers are each a layer of ferromagnetic materia! less than 4 nanometers thick. 
75 [001 7] According to a fourth aspect of the present invention, there is provided a method for forming a tunnel junction, 
comprising the steps of: • 

forming a' first ferromagnetic layer; ; • ■';',:•-■< 

forming a first thin interface layer on the first ferromagnetic iayer; ~ , v, 

20 forming an insulating layer on the first thin interface layer wherein the first thin interface layer-enhances magnetic 

polarization properties of the first ferromagnetic layer near an interface between tho first ferromagnetic layer and 
the insulating layer. •' - 

[0018] The method may comprise the further steps of: 

25 

forming a second thin interface layer on the insulating layer. 

forming a second feromagnetic layer on the second thin insulating layer wherein the second thin interface. layer 
enhances magnetic polarization properties of the second ferromagnetic layer near an interface between the insu- 
lating layer and the second ferromagnetic layer. 

[0019] Ferromagnetic tunnel junctions- with enhanced magneto-resistance are disclosed;., An enhanced ; rnagneto- 
resistance is realized in a tunnel junction having a topography that maximizes spin tunneling from areas,off enpmagnetic 
crystalline grains having high polarization ahd minimizes the'effects of defect scattering -at grain .boundaries. The to- 
pography of this tunnel junction includes a first ferromagnetic layer with domed areas and intervening low areas and 

35 an insulating layer having a substantially planar upper surface. The domed areas of the first ferromagnetic layer com- 
bined with the planar upper surface of the insulating layer provide a path for. electron migration -bet ween the first f er- 
romagnetic layer and a second- Magnetic layer that is less above the domed areas than : above the, tow areas. This 
tunnel junction structure minimizes the contribution to tunneling current from grain boundaries,^ i.e.- Jow^reas, and 
increases contribution from domed areas. In -addition, an enhanced magneto-resistance is realized inaa.unpeljynction 

40 having thin interface layers that enhance magnetic polarization properties of ferromagnetic materials near the interfaces 
to the insulating layer in the tunnel junction. • . . -o : 

[0020] Other features and advantages of the present invention will be apparent from the detailed description that 

follows. •' ; 

[0021] The present invention is described with respect to particular exemplary embodiments thereof and reference 
45 is accordingly made to the drawings in which: 

Figure 1 illustrates a tunnel junction having a topography that enhances its tunneling magneto-resistance (TMR); 

Figure 2 illustrates a tunnel junction having a combination of topography and interface layers that enhance its 
50 tunneling magneto-resistance (TMR); ■■. ■ ■ 

Figure 3 illustrates an example series of process steps for forming the topography of a tunnel junction that en- 
hances its TMR: 

55 Figure 4 illustrates a tunnel junction with interface layers that enhance its tunneling magneto-resistance (TMR). 

[0022] Figure/I illustrates one embodiment ol a tunnel junction 10 having, a topography .-that enhances its tunneling 
magneto-resistance (TMR). The tunnel junction 1 0 in this embodiment includes a ferromagnetic layer 1 2, an insulating 
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layer 14, and a ferroma L ;i;;9tic layer 16. 

[0023] The tunnel junction 10 provides a domed topography in the ferromagnetic layer 12 including a set of domed 
areas such as domed areas 20-21 and intervening low areas such as tow area 22. The low areas correspond to grain 
boundaries in the poly-crystalline lattice structure of the ferromagnetic layer 12 such as a grain boundary 15 between 
the domed areas 20-21. The domed areas 20-21 are indicated having a dome diameter d and a dome height h The 
tunnel junction 10 also provides a relatively planar topography of an upper surface 18 of the insulation layer 14 
[0024] The domed topography of the ferromagnetic layer 12 combined with the relatively planar upper surface 18 of 
the insulating layer 14 positions the domed areas 20-21 closer to the ferromagnetic layer 16 than the low area 22 As 
a consequence, the path for electrons migrating from the domed areas 20-21 to the ferromagnetic layer 1 6 is substan- 
tially less than the path for electrons migrating from the low area 22 to the ferromagnetic layer 1 6 
[0025] The domed areas 20-21 provide substantially all of the contribution to electron migration between the ferro- 
magnetic layers 12 and 16 because electron migration through the insulating laver 14 reduces exponentially as the 
path increases. The contribution to electron migration from the low area 22 is minimized, which thereby minimizes the 
scattering effects that may occur at the grain boundaries in the poly-crystalline structure of the ferromagnetic layer 12. 
[0026] In addition, the magnetic polarization in the ferromagnetic layer 1 2 may be higher at the domed areas 20-21 
than at the low area 22 due to the higher degree of crystallme perfection at the domed areas 20-21 The topography 
of the tunnel junction .12 provides that the high polarizalion portions of the ferromagnetic layer 12 contribute to the 
tunneling current. 

[0027] The ferromagnetic layers 12. and 16 are each formed of a layer of magnetic film such as nickel-iron The 
insulating layer 1 4 in one embodiment is aluminum oxide which is formed in a manner, that fills in the low area 22 and 
provides the relatively planar upper surface 18. In one embodiment, the insulating layer 14 is formed by depositing a 
layer of aluminum on to the ferromagnetic layer 12, which fills in the lowareas, and then exposing it to an oxygen plasma. 
[0028] Figure 2 illustrates an embodiment of the tunnel junction 1 0 that includes a pair of interface layers 30 and 32 
that further enhance its tunneling magneto-resistance (TMR), The interface layers 30 and 32 are.formed at the inter- 
faces between the ferromagnetic layers 12 : and IS.and the insulating layer 14. The interface layer 30 is formed between 
the ferromagnetic layoM2 and the insulating layer 14 and the interface layer 32 is formed between the insulatinq layer 
14 and the ferromagnetic layer 16: 

[0029] The interface layers 30-32 are selected to enhance the magnetic polarization properties of the ferromagnetic 
materials 1 2 and 1 6 near the interfaces to the insulating layer 1 4. The interface layers 30-32 are layers of ferromagnetic 
material such as nickel, iron, cobalt, or alloys of these elements. 

[0030] The domed regions 20-21 that contribute to an elevated TMR value forthe tunne! junction- 1 0 may be described 
by the two dimensions shown of the dome diameter d and the dome height h (shown in Figure 1). The grain diameter 
for polycrystalhne films is equivalent to the dome diameter d. 

[0031] A variety of methods well known in the art for controlling grain size, may be applied to contra! the dome diameter 
d. Examples of such methods include the addition of seed layers, post-deposition annealinq to facilitate grain growth 
and control of deposition conditions, such as ambient pressure, film growth rate, film thickness, substrate bias and 
substrate temperature. Many of these factors that control grain size also contribute to the control of the dome height h 
[0032] An additional factor that may contribute to the domed topography is anisotropic growth rate For example if 
the majority of grains of the ferromagnetic layer 12 are oriented such that their crystalloqraphic orientation with respect 
to a substrate normal is the same, and that particular orientation provides a preferred growth rate over other crystal- 
lography orientations, then faceted or domed grains may be generated that are taller in the center than at the qrain 
boundaries. 

[0033] Another mechanism for introducing surface topography in thin films is through stress, which can be created 
through the addition of lattice mismatched seed layers or by adjusting deposition conditions. Compressive stress is 
favorable for creating domed topography. 

[0034] Figure 3 illustrates an example series of process steps that enhance the TMR value of the tunnel junction 
10. These steps include the formation of a domed topography and the insertion of high polarization interfacial layers 
in the tunnel junction 10. . - 

[0035] The tunnel junction. 10 is formed on a substrate 100 which may be oxidized silicon. Materials are deposited 
on the substrate 100 in a manner that facilitates the formation of the domed structures in the ferromagnetic layer 12 
[0036] in one embodiment, materials that facilitate the formation of the domed topography in the ferromagnetic layer 
12 mclude a first seed layer 40, a second seed layer 42, and an antiferromagnetic layer 44. The first seed layer 40 in 
this embodiment is a material such as tantalum (Ta). The second seed layer 42 may be nickel-iron (NiFe) The antif- 
erromagnetic material 44 may be iron manganese (FeMn). In this embodiment, the antiferromagnetic layer 44 provides 
a magnetic exchange film that pins the orientation of magnetization in the ferromagnetic layer 12. 
[0037] The materials in the tunnel junction 1 0 may be deposited by sputtering in an argon ambient at a pressure of 
5 m.ll.Torr onto the substrate 100 which is held at room temperature and a ground potential. Film thickness is an 
important parameter in determining the diameter d and height h of the domed topography. In one embodiment the first 
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seed layer 40 is 10 nanometers thick, the second seed layer 42 is 6 nanometers thick, the antiferromagne.tio layer 44 
is 10 nanometers thick, and the ferromagnetic layer 12 is 12 nanometers which yields a cumulative thickness of poly- 
crystalline "materials beneath the insulating layer 14 of 38 nanomeiers.--?his-. thickness is" sufficient to generate the 
domed topography in the ferromagnetic layer 1 2. - ■ ■ 

s [0038] An interface layer 30 is then 'deposited over the domed topography of the ferromagnetic/layer 12:. The interface 
layer 30 conforms to the topography of the ferromagnetic layer 1 2. The insulating layer 1 4 is then formed by adeposition 
of aluminum that fillsln the low areas 22 of the interface layer 30 and provides a planar upper surface. A subsequent 
oxidation step forms the aluminum -oxide of the insulating layer 14. The interface layer 32 is then formed. followed by 
the nickel-iron ferromagnetic layer 1 6. A cap layer 46 of material such as tantalum :is: formed over the ferromagnetic 

10 layer 16. •- : •' <' " ' ' ■■' 

[0039] The interface layers 30-32 that further enhance the TMR value of the tunnel junction 1 0. may. be formed from 
nickel, cobalt, cr iron, or alloys of these elements. The following table. shows the effects of example, configurations of 
the interface layers 30-32 in the tunnel junction 10. 



Interface element 


interface layer thickness 


TMR (%) measured at 0:050 volts 


nickel 


1 nanometer , 


20.0 . 


nickel 


0.5 nanometers 


24.2 


none 




29.5 : ' ""' - 


iron. . 


0,25 manometers 


35,1 • . 



[0040] In another embodiment, an ion etching step may be applied to either the ferromagnetic layer 12, the antifer- 
romagnetic layer 44, or the seed layers 40 and 42 at some point prior to the formation of the insulating layer 14. The 
25 ion etching step is performed to remove preferentially portions of -the etched layer in the vicinity of.the grain boundaries 
such as the grain boundary- 15 so as io create the low areas such as the low area 22. This etching step provides the 
dome topography that together with the planarized upper surface 1 8 of the insulating layer 1 4 yields: enhanced magneto 
resistance in the tunnel junction '10; : ' - : : r - 

[0041] The effect of the topography of the ferromagnetic layer 12 on the TMR value of the tunnel junction/IO may 

30 be characterized by comparing two structures, one with thedoriied topography described herein; and the other with a 
planar top surface of the' ferromagnetic layer 12- In both cases the ferromagnetic layer 12 is nickel-iron, the. insulating, 
layer 14 is aluminum oxide formed through plasma oxidation of -ah- aluminum film, and the ferromagnetic layer 16 is 
nickel-iron. ■■ ■ 

[0042] Referring to Figure 3, comparison samples with planar top surfaces of the. ferromagnetic layer 12 were pre- 

55 pared by moving the aritifelromaghetic layer 44 from its position between layers 42 and 12 to a position between layers 
16 and 46. The interfacial iayers 30 and 32 were riot included in these samples that examined the role of topography. 
Samples having plana? interfaces on both sides of the- insulator layer 1 4 had an average TMR of 23.6%. .Samples with 
the domed topography described herein had an average TMR of 29.5%. Analysis of the planarity of the interfaces was 
made by high resolution transmission electron microscopy oh cross-sectioned samples. The dome height h of the 

40 planar samples was less than 0.6 nanometers, and the dome height on the intentionally roughened samples^ was about 
2.1 nanometers. • 1 - " : '■' : ' •• • 

[0043] Figure 4 shows a tunnel junction 50 with a planar topography that includes a pair of interface layers 60 and 
62 which enhance its TMR value: The tunnel junction 50 includes a ferromagnetic layer 52, an insulating layer.54, and 
a ferromagnetic layer 56'which may be formed on a substrate or on one or more intervening materials. The ferromag- 

45 netic layer 52 has a substantially planar upper surface without a bowed topology, 

[0044] The interface layers 60 and 62 are thin iayers of ferromagnetic materials which .are selected to enhance the 
magnetic polarization properties of the ferromagnetic layers 52 and 56 near the interfaces to the insulating layer 54. 
In one embodiment, the interface layers 60 and 62 are thin layers of less than 4 nanometers thickness. The interface 
layers 60 and 62 may be nickel, iron, cobalt, oratloys of these elements. * .< ■ 

so [0045] The foregoing detailed descriptions! the present invention is provided for the-purposes-.of illustration and is 
not intended to be exhaustive or to limit the invention to the precise embodiment disclosed: Accordingly, the scope of 
the present invention is defined by the appended claims. 

V 

55 Claims \ 

1. A method fqr forming a tunnel junction (10); comprising the steps of: ; ■■ 
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forming a first ferromagnetic layer (12) with an upper surface having a topography which includes a set of 
domed areas (20-21) and a set of intervening low areas (22); 

forming an insulating layer (14) over the first. ferromagnetic layer (12) such that an upper surface (18) of the 
insulating layer (14) is substantially planar such that a path for electron migration between the first ferromag- 
5 netic layer (12) and a second ferromagnetic layer (16) in the tunnel junction (10) is less above the domed 

areas (20-21 ) than above the low areas (22). 

2. The method of claim 1, wherein the step of forming a first ferromagnetic layer (12) includes the step of forming 
one or more layers of materials below the first ferromagnetic layer (1 2) wherein a thickness of the layers of materials 

10 is selected to cause formation of the domed areas (20-21 ) during formation of the first ferromagnetic layer (12). 

3. The method of claim 1, further comprising the steps of forming an interface layer (30) at an interface between the 
insulating layer (14) and the first ferromagnetic layer (12). 

?5 4. A tunnel junction, (10) comprising: 

first ferromagnetic layer (12) with an upper surface having a topography which includes a set ol domed areas 
(20-21) and a set of intervening low areas (22) ; 

an insulating layer (14) over the first ferromagnetic layer (12) wherein an upper surface (18) of the insulating 
20 layer (14) is substantially planar such that a path for electron migration between the first ferromagnetic layer 

(12) and a second ferromagnetic layer (16) in the tunnel junction (10) is less above the domed areas (20-21) 
than above the low areas (22). 

5. The tunnel junction (1 0) of claim 4, further comprising one or more layers of materials below the first ferromagnetic 
25 layer (12) wherein a thickness of the layers of materials is selected to cause formation of the domed areas (20-21 ) 

during formation of the first ferromagnetic layer (12). 

6. A tunnel junction 910), comprising: 

30 first ferromagnetic layer (12); 

insulating layer (14); 

thin interface layer (30) between the insulating layer (14) and the first ferromagnetic layer ( 1 2) which is selected 
to enhance magnetic polarization properties of the first ferromagnetic layer (12) near an interface between the 
insulating layer (14) and the first ferromagnetic layer (12). 

35 

7. The tunnel junction (10) of claim 6, further 

comprising: 

second ferromagnetic layer (16); 
40 thin interface layer (32) between the insulating layer (14) and the second ferromagnetic layer (16) which is 

selected to enhance magnetic polarization properties of the second ferromagnetic layer (16) near an interface 
between the insulating layer (14) and the second ferromagnetic layer (16). 

8. A method for forming a tunnel junction 910), 
45 comprising the steps of: 

forming a first ferromagnetic layer (12); 

forming a first thin interface layer (30) on the first ferromagnetic layer (12); 

forming an insulating layer (14) on the first thin interface layer (30) wherein the first thin interface layer (30) 
50 enhances magnetic polarization properties of the first ferromagnetic layer (12) near an interface between the 

first ferromagnetic layer (12) and the insulating layer (14). 

9. The method of claim 8, further comprising the steps of: 

55 forming a second, thin interlace layer (32) on the insulating layer (14); 

forming a second ferromagnetic layer (16) on the 

seconcj thin insulating layer (14) wherein the second thin interface layer (32) enhances magnetic polarization 
properties of the second ferromagnetic layer (16) near an interface between the insulating layer (14) and the 



second ferromagnetic layer (16) 
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1 0. The method of claim 9, wherein the steps of forming the first and second thin interface layers (30-32) each comprise 
the step of forming a layer of ferromagnetic material less than 4 nanometers thick. 
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